The structures and band structures of Sn doped ZnO were investigated by density functional theory (DFT).
Introduction
Zinc oxide (ZnO) is a wide band gap (3.37 eV) semiconductor with a large exciton binding energy (60 meV).
1,2 ZnO exhibited excellent UV-absorption and photoluminescence properties. Furthermore, ZnO is a non-toxic material and abundant in nature.
Colloidal quantum dots (QDs) have attracted much attention in recent years due to their amazing characteristics in optics. There are several ways to change the energy gap of QDs. The rst way is to change their sizes by changing their synthetic methods. The energy gap of QDs enlarged when their sizes were reduced. The second way is to control the band structure of the bulk material by doping with other ions.
There has been much research on the use of ions to dope ZnO in recent years. As reported, the band gap of Al doped ZnSnO rst decreased and then increased with more Al doping.
3 For Nidoped ZnO, the value of the energy gap decreased as more Ni was added. 4 La was reported to increase the band gap of ZnO.
5
However, for Sn-doped ZnO, 6 the results were different. Some researchers reported that Sn-doped ZnO had an increase in the energy gap for both defect types at high Sn concentration. 7 In contrast, there are a few reports stating that the band gap of Zn 0.98Àx Mn 0.02 Sn x O decreased with increasing Sn content at low levels of Sn. 8 Moreover, there are still fewer studies on the difference between Sn 2+ and Sn 4+ doping on ZnO.
In this study, density functional theory (DFT) was used to investigate the crystal structure, band structure and band gap of Sn-doped ZnO. Both Sn 2+ and Sn 4+ were considered. To verify the DFT results, Sn 2+ -and Sn
4+
-doped ZnO QDs were synthesized via an ultrasonic method. UV-Vis absorption spectra and photoluminescence excitation spectra were used to characterize the band gap of Sn-doped ZnO QDs. Photoluminescence spectra were employed to study the change in the defects of Sn-doped ZnO QDs as well.
Experimental
Band structure calculation of Zn 1Àx(y) Sn x(y) O The band structures of Zn 1Àx(y) Sn x(y) O were calculated using CASTEP (8.0). 9 The geometric structure of each Zn 1Àx(y) Sn x(y) O sample (x is for Sn 2+ , y is for Sn 4+ ) was optimized using the Generalized Gradient Approximation (GGA) and Perdew-BurkeErnzerhof (PBE) 10 with a cut-off energy of 340 eV. The Brillouin zone was sampled with 5 Â 5 Â 3 Monkhorst and Pack k-points. The lattice parameters, as well as the atomic positions within the supercell, have been optimized until the forces and total energy converged within 0.015 eVÅ À1 and 10 À5 eV, respectively.
To make the crystal more symmetrical, we only added one Sn ion in a supercell. To create a Zn 1Àx(y) Sn x(y) O compound with Sn concentrations of 12.5%, 6.25%, 4.17%, 2.78%, 1.85%, 1.39% (Fig. 1 ).
Materials
Ethyl alcohol (99.7%), polyethylene glycol-400 (PEG-400, 99.0%), lithium hydroxide (LiOH$H 2 O, 95.0%), oleic acid (OA, 99.0%), n-hexane (97.0%) were purchased from Shanghai Lingfeng Chemical Company. Zinc acetate (Zn(Ac) 2 2 ) were dissolved in 100 mL of ethyl alcohol and kept in an ultrasonic dispersion for 30 min. Then, appropriate amounts of PEG-400 with n(PEG) : (n(Zn) + n(Sn)) ¼ 1 : 1 were added 13 into the system with 40 min of ultrasonic dispersion. At the same time, 0.21 g (0.005 mol) LiOH was dissolved in 50 mL of ethyl alcohol and kept in an ultrasonic dispersion for 30 min. Aer that, the two solutions were mixed. Zn 1Àx Sn x O QDs were obtained aer continuous ultrasonication (ultrasonic frequency ¼ 53 kHz, ultrasonic power ¼ 180 W) to promote the reaction at 40 C for 30 min. Then, 0.6 mL of oleic acid (OA) 14, 15 was used to precipitate the QDs. The white sediment was centrifuged for 5 min at 4000 rpm for 2-3 times and then washed with excess ethanol to remove any unreacted material. Finally, Zn 1Àx Sn x O QDs were dispersed in n-hexane for further use.
Measurement
The high resolution TEM (HRTEM) image of Sn doped ZnO nanostructure EDX and the selected area electron diffraction (SAED) were acquired on FEI Tecnai F30 TEM. The X-ray photoelectron spectroscopy (XPS) was collected on Thermo KAlpha XPS. The photoluminescence spectra were obtained using a uorescence spectrophotometer (Lumina, Thermo, U.S.A). For each sample, the emission spectrum was measured under the measured excitation peak as an excitation wavelength, and the excitation spectrum was measured under the measured emission peak as an emission wavelength.
The photoluminescence quantum yields (PL QYs) were calculated by the following equation, using Rhodamine 6G dissolved in water (QY ¼ 95%) as reference:
where F is the measured uorescence, A is the absorbance at the excitation wavelength, and n is the refractive index of the solvent.
The absorption spectra were recorded on a UV-Vis-NIR spectrophotometer (UV-3600, Shimadzu, Japan) using nhexane as a reference.
The optical gap E gap of ZnO QDs could be calculated by Formula (2):
where a is the absorption coefficient proportional to the absorbance, A is a constant and n is a constant equal to 1/2 for direct gap semiconductors and 2 for indirect gap semiconductors.
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Results and discussion
The calculated cell parameters of Zn 1Àx Sn x O are shown in Table 1 .
As shown in This increment was due to the cell enlarging, and the decrement was due to the Sn-O bond stretching. The calculated band structure of Zn 1Àx Sn x O is shown in Fig. 2 As reported, the band gap of ZnO should be 3.37 eV. However, our calculated results showed that the band gap of ZnO was 0.806 eV, which is much less than the reported band gap. The reason for this was that there are some deciencies of the DFT/GGA during the calculations of transition metal oxides, particularly for ZnO. [20] [21] [22] Usually, the LDA+U method was employed to solve this problem. However, the LDA+U method does not lead to the correction of the band gap. 22, 23 The main idea for this study was to discuss the effect of Sn content on the band structure of Sn-doped ZnO. As a result, only the changing trend in the band structure was required, the exact band structure, especially the exact band gap was not required. In other words, LDA+U was not required in this study. 4, 7 Fig. S1 † shows the calculated total DOS (DOS) and partial DOS (PDOS) of Zn 1Àx Sn x O. As shown in this gure, the valence band maximum was mainly derived from the O 2p orbital, and the conduction band minimum was mainly derived from Sn 5s and Sn 5p states. 23 It appeared that with more Sn 2+ doping, the shape, location and energy of these PDOS peaks changed. Sn 5p states became stronger, whereas O 2p orbital became weaker. Fig. 3 were corrected with respect to the standard peak of C 1s at 284.6 eV. [27] [28] [29] [30] As shown in Fig. 4 , for all the samples, both Sn and Zn peaks could be found in the XPS spectra. This was the same as the results from the EDX spectra. All the peaks of O, Zn and Sn were narrow and symmetric with FWHMs about 3 eV.
For Zn 2p1 and Zn 2p3 at the same x values, the binding energy rst decreased when x increased to 3 and then returned to the ZnO level.
The Fig. 2 . Formula (2) could change to Formula (3). This also means that (ahn) 2 is proportional to (hn À E gap ), and E gap is the intercept on the x-axis. 
As shown in Fig. 5 , the calculated E gap for ZnO QDs is 3.542 eV, which is similar to the reported band gap of ZnO.
Aer Sn 2+ doping, Zn 1Àx Sn x O QDs changed to an indirect gap semiconductor, as shown in Fig. 2 . Formula (2) could also change to Formula (4), which means that (ahn) 1/2 is proportional to (hn À E gap ), and E gap is the intercept on the x-axis.
The calculated E gap for all samples is given in Fig. 5 (b-d). As shown in Fig. 5(b) , with increasing Sn 2+ content, the E gap of Zn 1Àx Sn x O QDs rst increased from 3.542 eV to 3.572 eV, dropped to 3.418 eV, and nally increased to 3.480 eV. E gap increased to the minimum point when the Sn 2+ content reached 0.03. All of these are larger than the band gap of a ZnO singlecrystal (3.37 eV). 31, 32 This was due to the energy band of QDs being quasi-continuous owing to their small size.
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The calculated E gap of Zn 1Àx Sn x O rst decreased then increased, and the inection point of Sn 2+ content (x) is 0.03, which is shown in Fig. 2 . It seem that, changing trends in the calculated and experimental E gap of Zn 1Àx Sn x O are almost the same. Photoluminescence properties could reect the band structures, sizes and defects of Zn 1Àx Sn x O QDs. Fig. 6 shows the photoluminescence properties of Zn 1Àx Sn x O QDs synthesized at 40 C with 180 W of ultrasonic power for 30 min.
As reported, the energy bands of quantum dots are determined by the size and band structures of Zn 1Àx Sn x O QDs. Under same quantum dot concentration, 15,18 the change in Zn 1Àx Sn x O QDs excitation peaks was connected to the change in Zn 1Àx Sn x O QDs band structures and sizes. 13 For the ZnO quantum dots synthesized under the same condition, the size could be almost the same, meaning the excitation peaks could reect the band structures of Zn 1Àx Sn x O QDs. Fig. 6(b) shows the excitation spectrum of the Zn 1Àx Sn x O QDs. As shown in Fig. 6(b) This result approached the changing trend in the excitation peaks. eV). 5, 11, [37] [38] [39] This implies that, for the ZnO QDs with O Zn or O i defects, the changing trend in emission peaks should be the same as that of the excitation peaks. While for ZnO QDs with V c o defects, the emission peaks might stay at about 510 nm, regardless of the change in size of the ZnO QDs. Fig. 6 was reported that an indirect gap semiconductor has a poorer photoluminescence than that for the direct gap semiconductor. 42 As mentioned, with Sn 2+ content (x) increased to 0.03, the Zn 1Àx Sn x O QDs changed from direct gap semiconductors to indirect gap semiconductors. As a result, the quantum yields slightly increased at rst and then sharply dropped.
Sn 4+ doped ZnO
The calculated cell parameters of Zn 1Ày Sn y O are shown in Table 3 .
As shown in ions. Fig. 9 shows the XPS spectra of Zn 1Ày Sn y O QDs synthesized at 40 C with 180 W of ultrasonic power for 30 min. All the data were corrected with respect to the standard peak of C 1s at 284.6 eV. As shown in Fig. 9 , for all the samples, both Sn and Zn peaks are observed in the XPS spectra. The peaks of O, Zn and Sn were narrow and symmetrical with FWHM about 3 eV. This is same as the results of EDX shown in Fig. 8 .
In As shown in Fig. 7 , when the content of Sn 4+ was raised to y ¼ 0.0278, Zn 1Ày Sn y O changed from a direct gap semiconductor to an indirect gap semiconductor. Formula (3) and (4) could also be used to calculate the E gap of Zn 1Ày Sn y O QDs.
The calculated E gap for all samples is given in Fig. 10 (b-d). As shown in Fig. 10(b 0.0278 (Fig. 7) . The changing trend in the calculated E gap of Zn 1Ày Sn y O was identical to that of the experimental E gap .
Compared Fig . 11 shows the photoluminescence properties of Zn 1Ày -Sn y O QDs synthesized at 40 C with 180 W of ultrasonic power for 30 min. Fig. 11(b) shows the excitation spectrum of the Zn 1Ày Sn y O QDs. The excitation peak of Sn-doped ZnO QDs is related to the energy band of the ZnO base. From Fig. 11(b) and (c 
Conclusions
In conclusion, the structure and band structure of Sn-doped ZnO QDs were investigated via DFT calculations and optical properties. doping, the main optical defects were O i and O Zn defects, with concentrations that were proportional to the content of Sn 4+ . As a result, the quantum yields increased with more Sn 4+ doping.
